Abstract-Mutual coupling in antenna arrays bring a significant impact especially when antenna elements are placed close with each other. It affects antenna performance, communication capacity and so on. Likewise, an accurate analysis of mutual coupling which can be expressed in terms of mutual impedance is important. A few analytic approaches for mutual impedance between two dipoles are available, one of it is the Induced EMF method. The Induced EMF method is accurate for short and thin, with an infinitesimal feed gap, which is impractical. A finite feed gap which is practical, can be modeled using electromagnetic simulation approaches. However, no analytical techniques are available to compare the results of the design with numerical software. The finite feed gap modelling of the mutual impedance using the Induced EMF method will be highlighted in this paper. The results are compared with other electromagnetic software. Then, the effect of the finite feed gap model has been observed in the far field pattern of dipole antenna arrays and they are in good agreement with other electromagnetic software.
I. INTRODUCTION
Mutual coupling between elements plays a crucial role to the performance of the antenna arrays. Its analysis becomes challenging due to the presence of other antenna elements which disrupt the usual behavior of antenna elements. On the other hand, the mutual coupling may be expressed in terms of mutual impedance and has been reported in several literatures [1] .
The analysis of mutual impedance between two dipole antennas has a long history in research. Lewin has analyzed the mutual resistance of coplanar-skew dipoles [2] . King has reported the mutual impedance of two unequal length of parallel dipoles in echelon [3] . Baker and LaGrone has extended the scope of the research by analyzing any two arbitrary length of dipole antenna arranged in parallel, echelon and skew cases [4] . Other work by Richmond and Geary derive the mutual impedance between coplanar-skew dipoles with arbitrary lengths and terminal positions [5] . Later, the work has been developed to analyze the mutual impedance for nonplanar-skew dipoles [6] . Previous works calculate the mutual impedance by multiplying the radiated electric fields from the transmitting dipole and the current distribution received on the secondary dipole. The technique is called the induced electromotive force (EMF) and the results are well-matched in experiments and other electromagnetic techniques.
Research work on the finite feed gap previously concentrated on the input impedance of dipole antenna [7] . The work presented result of input impedance with finite gap of a lossless, thin dipole antenna using the Induced EMF method. The results show that larger feed gap gives a larger bandwidth of a theoretical dipole.
Previous works on the mutual impedance between dipoles antenna only apply to thin and infinitesimal feed gap of dipole antenna. This paper will investigate the effect of finite feed gap to the mutual impedance of dipoles in antenna array. A modification to the mutual impedance between dipoles using the Induced EMF method were presented. The results are compared with other numerical technique.
In addition, the radiation pattern of dipole arrays due to the mutual impedance of finite feed gap will be presented. The coupling effect may be observed in the radiation patterns of antenna arrays especially when the antenna elements are placed closed to each other which disrupts the behavior of antenna element.
II. MUTUAL IMPEDANCE FOR FINITE GAP
The Induced EMF method was introduced by Brillouin [8] . It has been employed to calculate the mutual impedance between dipoles in arbitrary geometrical configuration [2] [3] [4] [5] [6] and length [5] . The drawbacks of this method are that it does not account the wire radius and feed gap of the dipole antenna.
Mutual impedance is a ratio of the voltage induced across the open-circuit terminal of second antenna to the excitation current flowing through the short-circuit terminal of the first antenna. Thus, the mutual impedance between dipoles antenna (for a zero gap dipole) along any axis, t is given as [9] , where E 21 (t) is the E-field component radiated by antenna 1 to antenna 2. While I 2 (t) is the current distribution along antenna 2 (assuming sinusoidal distribution). l is the length of the dipole 2.
Mutual impedance as in equation (1) has been applied in many literatures [2] [3] [4] [5] [6] . The mutual impedance between two dipoles having a finite feed gap can be modeled by modifying the integral limit which is,
Where is the gap size between two arms of the dipole (assuming both dipoles have similar gap sizes). The electric field is further decomposed as derived by Schelkunoff [10] and simplified in order to obtain the real (R 21 ) and imaginary (X 21 ) values of the mutual impedance. Equation (2) has been calculated using technique by Baker and LeGrone [4] for dipoles in arbitrary configurations using the Induced EMF Method. It has been applied for (i) parallel dipoles, (ii) dipoles in echelon configuration and (iii) dipoles in V configuration.
III. RESULTS AND DISCUSSION
The computation has been performed using MATLAB for half wavelength dipoles. The mutual impedance presented in this paper is applicable for any frequency. Table 1; conventional Induced EMF method, CST, Induced EMF method from equation (2) and CST with feed gap size of 0.1 0. The Induced EMF method calculated from equation (2) using a feed gap size of 0.1 0 . The size has been chosen due the possible largest feed gap (1/5) from the total length of the dipole. Table 1 shows the properties of each design. (2) CST, gap=0.1lamda 0.1 0 at resonance frequency Fig. 1 and 2 depicts mutual resistance and reactance for dipoles arranged in parallel configuration. It is observed that the mutual impedance calculated using equation (2) (feed gap of 0.1 0 ) deviate significantly for small spacing in comparison with the conventional Induced EMF method (no gap). However, the results tend to converge to the conventional Induced EMF as the spacing becomes larger. This is due to the coupling effect between dipoles decreasing thus the effect from the finite feed gap becomes insignificant. On the other hand, the mutual impedance calculated using conventional Induced EMF method agrees well with the results obtained from CST (both with infinitesimal and feed gap size of 0.1 0 ). Fig. 3 and 4 depicts mutual resistance and reactance for dipoles arranged in echelon configuration, staggered by 0.5 0 . It is observed that the mutual impedance using equation (2) has slight disagreement compared with other curves in comparison with previous graphs. This is maybe due to the dipole position as they are not placed in parallel with each other thus reducing the coupling effect among them. Furthermore, the mutual impedance calculated using conventional EMF method matches with CST (infinitesimal gap). On the other hand, the mutual impedance obtained from CST (with feed gap of 0.1 0) differs slightly but follows the same pattern as the other three curves. mutual impedance for all three curves differ slightly but follow similar trend with each other. The results obtained from equation (2) have been computed in the far field dipole antenna array and has been labelled as Induced EMF (gap=0.1lamda). The array consists of two half wavelength dipoles at 2.45 GHz arranged in similar position as in previous configuration, (i) parallel, (ii) echelon and (iii) V configurations. Table 2 presents the properties of each design for those configurations. The values are chosen in order to observe the coupling and the effect of feed gap to the far field pattern. (2) for gap size of 0.1 0 has been labelled as Induced EMF (gap=0.1lamda). Fig. 7 shows that the pattern is in closer agreement towards CST with 0.1 0 size gap (labelled as CST, gap=0.1lamda) in comparison with conventional Induced EMF method (no gap) especially in the back lobe region. While fig. 8 illustrates that all four patterns are in good agreement with each other. Similar observation has been acknowledged in fig. 9 except that in the back lobe region where the pattern calculated using conventional Induced EMF method is in closer agreement with CST of 0.1 0 size gap compared to the Induced EMF of 0.1 0 size gap. Even though the results of mutual impedance from equation (2) of the reason is possibly because in the far field calculation, the radiation stems from the current distribution along dipoles using Induced EMF method excluding the feed gap structure. Any radiation from the feed has been tackled using different approach which is from [11] [12] . IV. CONCLUSION A modified analysis of the mutual impedance having a finite feed gap for dipole using the Induced EMF method has been introduced in this paper. A feed gap size of 0.1 0 has been chosen as the possible largest feed gap size in practical dipole. The results show a slight disagreement with conventional Induced EMF and CST. However, the far field pattern computed using the modified mutual impedance shows a good agreement with other design especially with CST (feed gap=0.1lamda). Far-field pattern of two dipoles arranged in V configuration with =30°.
